Abstract: During crossflow microfiltration, formation of cake layer on the membrane inhibits the filter performance. Previous studies on cake formation have focused on the monodisperse conditions, although most field applications are under the polydisperse conditions. In this study, microfiltration experiments were conducted to investigate the effect of particle size on cake formation, especially, at polydisperse conditions. Kaolin and two kinds of CaCO 3 were used as polydisperse particles and a polysulfon hollow fiber microfilter was used as the membrane for the experiment. To describe the effect of particle size on cake formation at polydisperse conditions, effective diameter for shear-induced diffusion ͑EDSD͒ was introduced as a representative particle size. Statistical analyses of the experimental results showed that EDSD can be used in quantifying the potential of cake formation at polydisperse conditions, and the larger the EDSD, the thinner the cake layer. EDSD was an imperative indicator which showed the potential of cake formation at polydisperse conditions quantitatively and can be applied to find efficient strategies for reducing the cake layer.
Introduction
Microfiltration ͑MF͒ is a pressure-driven process using a microporous membrane as the separating medium. It is used to filter suspensions containing colloidal or fine particles with diameters in the range from 0.02 to 10 m. Most of the pollutants in water and wastewater fall in this size range and are efficiently removed by MF. The MF process can be operated in either crossflow or deadend flow configuration. Crossflow microfiltration ͑CFMF͒ has an advantage over deadend flow because the high shear stress tangential to membrane surface sweeps deposited particles from the membrane surface. However, in practice, suspended particles are deposited on the membrane surface due to the imposed pressure drop during CFMF, and the cake layer formed on the membrane surface causes the permeate flux to decline. This is one of the major problems in pressure-driven membrane processes.
The cake formation has been studied by many researchers over the last two decades ͑Zydney and Colton 1986; Romero and Davis 1988; Davis and Sherwood 1990; Chang et al. 1995; Kwon 1998; Huisman et al. 1999; Ould-Dris et al. 2000; Zhang and Song 2000͒ . These research results indicate that the main factors affecting the cake formation include shear rate, transmembrane pressure ͑TMP͒, particle size, feed concentration, pH, and ionic strength, and their effects on cake formation have been well studied. Most of them were, however, studied and validated at monodisperse conditions in which the particles in feed suspension are of the same size. Particle size is an important factor affecting deposition of particles on the membrane surface. Hence, it is obvious that the fouling models developed for monodisperse conditions may not be directly applicable to those of polydisperse conditions, where the particles are of different sizes. Moreover, most field applications are under the polydisperse conditions. Nonetheless, there have been limited research results on cake formation during filtration of polydisperse solutions.
The main objective of this study is thus set to enhance the applicability of these previous research results for polydisperse conditions by introducing a parameter. This procedure will establish a link between polydisperse and monodisperse conditions and help to expand the understanding of the previous research results under more realistic conditions. From this point of view, a hypothesis was established such that "the characteristics of cake formation at polydisperse conditions can be derived from those at monodisperse conditions" ͑Kim 2003͒. Using this hypothesis, the applicability of the models from previous monodisperse studies to polydisperse conditions was investigated and modified in ways to reflect the characteristics of cake formation at polydisperse conditions. Among many factors affecting cake formation in CFMF, the feed characteristics, specifically particle size distribution and concentration, were investigated.
Theory

Mass Transfer Mechanisms in Crossflow Microfiltration
In a membrane module of CFMF, mass transfer can be explained by three mechanisms: Convective, backdiffusive, and axial mass transfer ͑as shown in Fig. 1͒ . It is well known that the convective mass transfer refers to the particle movement from bulk suspension to membrane surface, while backdiffusive mass transfer means the opposite. Axial mass transfer refers to the particle movement with the crossflow of bulk suspension.
Due to selective permeability of a membrane, particles accumulate in the vicinity of a membrane forming a concentration polarization layer. The effect of concentration polarization becomes small when axial and backdiffusive mass transfer mechanisms become dominant over the convective mass transfer. The cake layer on membrane surface grows with convective mass transfer and decreases with backdiffusive and axial mass transfer. Since the start of the CFMF operation, the concentration polarization effect becomes larger and flux decreases with time until a steady state is reached. The time it takes to reach the steady state depends on crossflow velocity, particle size, and concentration. It decreases with the increase of the tendency of particle deposition on the membrane surface ͑Zhang and Song 2000͒. It is also known that the apparent deposition no longer occurs at the steady state because the mass transfer by diffusion mechanisms is balanced.
Factors Affecting Mass Transfer in Crossflow Microfiltration
Transmembrane Pressure
As the TMP increases, convective mass transfer increases because the permeate flux, J, increases. The relationship between TMP and J is expressed by Darcy's law ͑Ho and Sirkar 1992; Belfort et al. 1994͒ :
where J = permeate flux ͑m/s͒; TMP= transmembrane pressure ͑N/m 2 ͒; = viscosity ͑1.005ϫ 10 −3 kg/ m s at 20°C; R m = membrane resistance ͑m −1 ͒; and R c = cake resistance ͑m −1 ͒.
Temperature
As temperature increases, the viscosity of the feed suspension decreases, which in turn increases the permeate flux according to Darcy's law and convective mass transfer. Eq. ͑2͒ is one of the temperature calibration equations ͑Pohland 1988͒.
where T = temperature ͑°C͒; and J T = permeate flux at T°C.
Crossflow Velocity
When the crossflow velocity increases, the axial mass transfer increases. The most important effects of crossflow velocity are the increasing shear rate ͑␥͒ and shear-induced diffusivity ͑D s ͒ as shown in Eqs. ͑3a͒ and ͑3b͒ ͑Eckstein et al. 1977͒.
where U = crossflow velocity ͑m/s͒; h = height ͑m͒ of plate membrane module; d = diameter ͑m͒ of tubular module; and a = particle radius ͑m͒. The backdiffusive mass transfer increases with increasing shear induced diffusivity and inhibits the growth of cake layer.
Particle Charge (Ionic Strength and pH)
Two common explanations for the effects of ionic strength and pH are particle-particle interactions and particle-membrane interactions. Particle-particle interactions are controlled by changing the particle charge. When the particle charge increases, the stability of the colloids increases. The increase in colloid stability increases the Brownian diffusion which is dominant for particles smaller than 0.1 m. When the particle charge decreases, particles aggregate together and their effective sizes become larger. This phenomenon is called coagulation. The increased size of the particle increases shear-induced diffusion, which in turn increases backdiffusive mass transfer. Particle-membrane interactions occur due to the charge difference between the particles and membrane surface that affects particle adsorption or deposition. It is known that particles over 1 m in size are more easily lifted from the surface by shear-induced diffusion, and particle-membrane interaction has an insignificant effect. It is therefore known that in CFMF-dealing with particles near and over 1 m-the most important effect of particle charge is the coagulation of particles, which enhances shear-induced diffusivity.
Feed Concentration
The classical concentration polarization models have been mathematically developed by conducting a mass balance on membrane surface, where the build up of solute at the interface is countered by the diffusive flux of solute away from membrane. The concentration polarization under the steady-state condition based on film theory can be expressed as
where C = concentration; D = diffusion coefficient ͑m 2 /s͒; y=axis perpendicular to membrane surface; ␦ = thickness of concentration polarization layer ͑m͒; k = mass transfer coefficient ͑m/s͒; C w = wall concentration; and C 0 = feed concentration. By solving Eq. ͑4a͒, we can get Eq. ͑4b͒. According to Eq. ͑4b͒, convective mass transfer decreases with increasing feed concentration.
However, the above model is valid only for monodisperse conditions. In the case of polydisperse suspensions, Eq. ͑4b͒ cannot be used because D is a variable which varies with particle size as discussed below.
Particle Size
The backdiffusive mass transfer mechanism is the most important factor affecting cake formation ͑Huisman and Tragardh 1999͒ and it is controlled by the diffusivity of particle. Particle size is the main factor affecting the diffusion, which consists of Brownian diffusion ͓Eq. ͑5͔͒ and shear-induced diffusion ͓Eq. ͑3b͔͒.
where D B = Brownian diffusion coefficient ͑m 2 /s͒; k = Boltzmann constant ͑=1.38ϫ 10 −23 J/K͒; T = absolute temperature ͑K͒; and = viscosity ͑=1.005ϫ 10 −3 N s/m 2 at 20°C͒. Fig. 2 shows the diffusivity of particles as a function of particle size. As particles become larger, D s becomes predominant. Thus, there exists a critical particle size at which the steady-state permeate flux has a minimum value, and this critical size is about 0.1 m ͑Wiesner et al. 1989; Lee and Clark 1997͒. Most of the particles that deposit on the MF membrane surface, but do not penetrate into pores, are larger than 0.1 m. Therefore, they are mainly subjected to shear-induced diffusion. For the particles that constitute the cake layer in CFMF, backdiffusive mass transfer becomes dominant as the shear rate increases.
Eq. ͑1͒ shows that the TMP increases the permeate flux. However, there exists a limit in increasing permeate flux by the TMP, as shown in Fig. 3 , which is called the limiting flux.
Limiting flux is also defined as the maximum steady-state flux obtained by increasing the TMP or pressure-independent flux. As shown in Fig. 3 , increasing the TMP gradually increases the steady-state flux up to the limiting flux. Since increasing the TMP also increases the cake resistance, the flux cannot exceed the limiting flux. The TMP also activates the convective mass transfer of particles. Table 1 shows monodisperse limiting flux models. In these models, the term R m is neglected. This is because the cake resistance ͓R c in Eq. ͑1͔͒ is so large that the membrane resistance ͓R m in Eq. ͑1͔͒ may be neglected at the limiting flux condition. Then, limiting flux can be expressed with Eq. ͑6͒ as a simplified form of Eq. ͑1͒.
where J L = limiting flux ͑m/s͒. R c increases with the increase of the TMP because the TMP enlarges the convective mass transfer of particles that constitute cake layer. Since J L is also independent of the TMP, R c should be proportional to the TMP. Then, limiting flux J L is expressed as shown in Table 1 , without the term of the TMP. The models in Table 1 indicate that in monodisperse suspensions, the limiting flux is proportional to a 4/3 . This suggests that at monodisperse conditions, particle size is a critical parameter to determine the potential of cake formation. That is, the larger the particle size, the smaller the cake layer and the larger the limiting flux. In case of polydisperse suspensions where particles of many different sizes exist, however, it is not clear which particle size can be used in the models above. This then suggests that the application of the above models may be limited, since most suspensions in the field are polydisperse, which leads to questions, such as, "Should new models in forms much different from the models above be derived of these models for polydisperse conditions?," or "Can they be modified keeping the general forms of these models?" With the hypothesis stated earlier, it is clearly noted that this study is in line with the second question.
Some researchers have used representative particle sizes to reflect the effect of various particle sizes on cake formation at polydisperse conditions ͑Fane 1984; Yoon et al. 1999; Ould-Dris et al. 2000͒ , which are median diameter, mean diameter, volume mean diameter and particle radius for shear-induced diffusion, and a d as shown in Eq. ͑7͒
where N i = number of particles whose sizes can be represented by a i ͑m͒; and N tot ϭtotal number of particles. Median diameter, mean diameter, and volume mean diameter are simple statistical values which reflect the effect of various particle sizes on cake formation ͑Yoon et al. 1999͒. Particle radius for shear-induced diffusion is, in nature, dominated by relatively large particles that do not tend to deposit on the membrane surface compared with small particles. Hence, it cannot properly reflect the deposition potential of different size particles. 
Materials and Methods
Materials
The MF membrane used for the crossflow mode is a hollow fiber of polysulfone microfilter ͑SKM-103 model, SK Chemical Co., Korea͒ with pore size 0.01-0.1 m and effective surface area 0.06 m 2 . Kaolin ͑Junsei Chemical Co., Japan͒, CaCO 3 ͑Sigma-Aldrich͒, CaCO 3 ͑Dong-Yang Chemical, Korea͒, and clean tap water are used for making polydisperse suspensions. Two kinds of CaCO 3 that are manufactured by two different companies were used. In this paper, the one from Sigma-Aldrich is denoted by CaCO 3 ͑S͒ and the other from the Dong-Yang Chemical by CaCO 3 ͑D͒. All particles used for this study are over 1 m in diameter and thus they are just deposited on the membrane surface without penetrating into the pores of the membrane. In order to get various samples, kaolin and CaCO 3 ͑D͒ are mixed in different mass ratios. In this study, the expression "kxcy" represents a mixture of kaolin and CaCO 3 ͑D͒ in a mass ratio of x͑kaolin͒ to y͓CaCO 3 ͑D͔͒. For example, k9c1 means the mixture of kaolin and CaCO 3 ͑D͒ in a mass ratio of 9 to 1. These samples were used for investigating the effect of particle size distribution on cake formation in CFMF, while maintaining other properties, such as density, concentration, and particle charge almost constant, which can affect cake formation. The density and zeta potential of the samples were monitered. Densities of samples were checked by Merck Index ͑Merck 2000͒ to be in the range of 2.7-2.9 g / cm 3 . Zeta potential is analyzed by ZetaPlus ͑Brookshaven Co.͒ to be in the range of −21-−19 mV. Since these ranges are narrow, the measured properties of the samples are considered as alike. Also, it was confirmed that the samples did not aggregate at their natural conditions. In this way, it was insured that the differences in cake formation between the samples was due only to the differences in particle size distributions.
Experiments
A schematic diagram of the experimental setup for CFMF is shown in Fig. 4 . A centrifugal pump feeds flow into a membrane from a 70 liter feed tank. The membrane is 36 cm in length, and 0.8 mm in diameter. The TMP and crossflow velocity can be controlled by pump and valves. To maintain the characteristics of feed, both the retentate and permeate are discarded as shown in Fig. 4 . The TMP is fixed at 1.13ϫ 10 5 Pa ͑N/m 2 ͒ to maintain the same initial flux condition ͑about 300 L / m 2 h͒, crossflow velocity is fixed at 1.33 m / s ͑shear rate at 13.3ϫ 10 3 / s, Reynolds number at 1,062͒, and feed concentration varies in a range of 0.01-1 g / L.
The crossflow velocity is calculated from the flow rate that is measured by the flow meter, and the shear rate is calculated by Eq. ͑3a͒. The TMP is measured by two pressure gauges using
where P in = inlet pressure; P out = outlet pressure; and P permeate = permeate pressure. The permeate pressure is usually zero with fully-opened permeate valve. The permeate flux is measured by gauging volumetric permeate flow, and steady-state flux is used to calculate cake resistance. The time to reach steady state is experimentally determined when the flux variation with time ͑⌬J / ⌬t͒ becomes smaller than the error of flux measurement. Cake resistance is calculated as a parameter that represents the tendency of particle deposition, using
where R m = 1.54ϫ 10 11 m −1 , which is calculated by measuring the pure water flux; and J = steady-state permeate flux at 20°C, which is converted from the experimental flux using Eq. ͑2͒. In this work, particles are much larger than the membrane pore size. R m is therefore maintained at the initial value in the experiment.
As shown in Fig. 5 , particle size distribution is analyzed simultaneously with permeate flux. The samples are taken from two different locations; feed tank ͑for feed͒ and membrane surface by backwashing ͑for cake͒. PAMAS-2120 ͑PAMAS, Germany͒ is used for particle size analysis. Romero and Davis ͑1988͒
Note: L = membrane length ͑m͒; w = wall shear stress ͑N/m 2 ͒; b = particle volume fraction in the bulk ͑feed͒; ͑C͒ = dimensionless viscosity; and Q cr ͑C͒ = excess particle flux.
Fig. 4. Schematic of experimental setup
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Results and Discussion
Effect of Feed Concentration
In order to study the effect of feed concentration, kaolin with polydisperse particles was used to prepare feed in concentration range of 0.01-1 g / L. It is easily predicted that the cake layer grows with the increase of feed concentration. At polydisperse conditions, this prediction is still valid, although, the governing equation for cake formation is different from that of monodisperse conditions. Table 2 shows the mean particle diameters in the cake layer at various feed concentrations. Each mean diameter is an average value of 15 experimental results. The average value of each mean diameter is 3.16 m and standard deviation is 0.03 m ͑1%͒. This standard deviation is smaller than the maximum standard deviation ͑3% in this study͒ in experimental results. Therefore, it can be said that these mean diameters are not significantly different. From this result, it was inferred that feed concentration did not affect the mean diameter of the particles in the cake layer. Because the experiment was carried out by one sample, it also means that feed concentration did not affect particle size distribution in the cake layer. Fig. 6 shows the variation of cake resistance with the increase in feed concentration of the same sample. The cake resistance becomes larger with increasing feed concentration. As predicted, the cake layer grows with the increase of feed concentration. The relationship of cake resistance and feed concentration is expressed as a regression model:
͑10͒
where R c = cake resistance ͑ϫ10 10 /m͒; and C = concentration ͑g/L͒ and the coefficient of determination, R 2 , 0.9737. Eq. ͑10͒ indicates that the rate of growth of the cake layer decreases as feed concentration increases, as shown in Fig. 6 .
The results of Table 2 and Fig. 6 indicate that the increase of feed concentration induces the growth of the cake layer, but does not change the composition of the cake layer at polydisperse conditions. This fact is similar to the characteristics at monodisperse conditions.
Effect of Particle Size
The previous research results summarized in Table 1 indicate that the limiting flux is proportional to a 4/3 at monodisperse conditions and inversely proportional to cake resistance as shown in Eq. ͑6͒. Thus, the cake resistance is proportional to −4 / 3 power of the particle radius at monodisperse conditions
͑11͒
The above relationship between cake resistance and particle radius cannot be used directly at polydisperse conditions because there is no representative particle size which can be generally used as a in Eq. ͑11͒. To deal with this problem and to more precisely describe the effect of particle size on cake formation at polydisperse conditions, an alternate particle size parameter representing various particle sizes in polydisperse suspensions, which can be used with the models in Table 1 , was developed. Hence, the concept of effective diameter for shear-induced diffusion ͑EDSD͒ was introduced.
EDSD (Effective Diameter for Shear-Induced Diffusion)
If the characteristics of cake formation at polydisperse conditions are derived from those at monodisperse conditions, smaller particles would have smaller diffusivities than larger particles in polydisperse suspensions, especially when shear-induced diffusion is predominant. This indicates that the smaller particles, which have less of a tendency for backdiffusion, contribute more to the rate of deposition ͑i.e., formation of cake layer͒. Also, it can be stated that suspensions with a large fraction of small particles have a higher potential for cake formation than those with a small fraction. There exists, however, no parameter to quantitatively explain such characteristics in polydisperse suspension, i.e., the effect of particle size distribution in polydisperse suspension on particle deposition on membrane surface. A representative particle size, EDSD, accurately estimates such an effect of particle size on cake formation at polydisperse conditions. EDSD is an advanced concept of effective particle diameter ͑Kim and Park 1999, 2002; Kim et al. 2002a͒ . EDSD is calculated as follows:
where PF i = probability of fouling for the particle whose diameter is d pi ; P i = distribution ratio of the particle based on number of particles; w i = weighted factor; and k = correlation factor. Here, w i is proportional to cake resistance at monodisperse conditions and k is subjected to the law of probability that a total sum of each probability must be 1. In order to calculate EDSD, the polydisperse particles are first divided into several groups and then it is assumed that each group is monodisperse where particle sizes are all the same. At monodisperse conditions, the amount of fouling increases with the increase of population and the decrease of particle size ͓see Eq. ͑11͔͒. Thus, PF i is calculated by multiplying P i and w i . Table 3 shows an example calculation of EDSD for a case of kaolin. As noted, the greater the portion of smaller particles in a distribution, the smaller the EDSD. In this way, the concept of EDSD reflects in the models the tendency that the smaller particles contribute more to deposition on the membrane surface.
Particle Size Analysis of Each Sample
There are several representative particle sizes, i.e., mean diameter, median diameter, volume mean diameter, particle radius for shear-induced diffusion, and EDSD. Table 4 shows the values of these representative particle sizes for each sample used for the experiments. Each of them is an average of 20 measurements and the maximum standard deviation is less than 3%. Table 4 also shows the steady-state flux and cake resistance of each sample. The cake resistance is calculated by Eq. ͑9͒. The value of cake resistance in Table 4 is an average of 15 measurements and the maximum standard deviation is less than 5%.
Cake Resistances of Samples
Verification of Effective Diameter for Shear-Induced Diffusion Using Regression Model
To verify if the characteristics of cake formation at polydisperse conditions can be properly derived, using EDSD and the models for the monodisperse conditions, a regression model between particle size and cake resistance is developed as follows:
where A = constant related to the operation of CFMF; particle size= representative particle size; and ␣ = index calculated by the least-squares method. In the case of monodisperse conditions, for example, particle size is the particle radius and ␣ equals −4 / 3. Using the least-squares method, A and ␣ were determined for every representative particle size including EDSD. Table 5 shows the result of regression analysis for each representative particle size. Just for comparison and discussion, two analyses have been done with EDSD, as shown in Table 5 . One is using the leastsquares method, which results in the relationship of Eq. ͑14͒. The other is using the power of −4 / 3 and finds only the coefficient A, resulting in the relationship of Eq. ͑15͒. The regression analyses are also shown in Fig. 7 R c = 18.24 · ͑particle size͒ 
͑15͒
Estimated standard deviation ͑ESD͒ in Table 5 is a mean square error ͓͑MSE͒; see Eq. ͑16͔͒ expressed in percentage.
where SSE= sum of square error; n = number of points used in regression; Y i = experimental value of point i; and Ŷ i = value estimated by regression. The ESD consists of two sources of error.
One source is the experimental error and the other is the selection of irrelevant regression model. The validity of the regression model increases as the ESD reaches 5% because the maximum standard deviation for cake resistance is about 5%. The values in the F-test column in Table 5 These results indicate that use of EDSD with the power of "−4 / 3" is also reasonably good enough, in terms of accuracy for the prediction of cake resistance at polydisperse conditions. It is, however, too early to tell which model is more appropriate to describe the relationship at polydisperse conditions, considering the new model of "−1.744" has only been tested in this study. The fact that the new model in Eq. ͑14͒ has a better fit for polydisperse conditions than the one in Eq. ͑15͒ suggests that analyzing at polydisperse conditions in this regard is worthy. Nonetheless, it is clearly noted that EDSD is the most suitable representative particle size in describing the relationship between cake resistance and particle size at polydisperse conditions.
Comparison of the Effects
The effects of feed concentration and particle size on cake formation were compared by regression analysis to find out which one is more critical for cake formation. From the experimental data, the regression models were developed that describe the relationship between concentration and the two factors in Eqs. ͑10͒ and ͑14͒. By comparing Eqs. ͑10͒ and ͑14͒, we can say that the effect of particle size is more crucial than that of feed concentration. This is because the absolute value of the index of EDSD is much larger than that of feed concentration. For example, in order to decrease the cake resistance by one-half, the feed concentration must be reduced by 96.8% of its initial value. But in the case of EDSD, it would be sufficient to increase it by 1.49 times. From this, it can be concluded that controlling particle size has a more significant role than diminishing feed concentration to reduce fouling by cake formation.
Summary
EDSD is a parameter which can effectively represent the potential of cake formation at polydisperse conditions. The experimental and statistical results verify that EDSD is superior in modeling the tendency of cake formation at polydisperse conditions to the other representative particle sizes. This furthermore verifies the hypothesis that the characteristics of cake formation at polydisperse conditions can be derived from those at monodisperse conditions, and that the previous research results at monodisperse conditions can be modified as such, with EDSD, to be applied to polydisperse conditions ͑i.e., real-field conditions͒ because most polydisperse characteristics come from the statistical combinations of various monodisperse characteristics.
EDSD is more influential in controlling the cake growth than feed concentration. Hence, controlling particle size is more crucial in inhibiting cake formation than controlling feed concentration. This suggests that the coagulation process becomes more important. For example, the CFMF process in field application needs one or more pretreatment processes ͑i.e., flocculationsedimentation, media filtration͒ to decrease feed concentration.
These processes can decrease the number of particles and remove relatively large particles, making the portion of small particles larger in the particle size distribution. As a result, the EDSD of the feed suspension becomes smaller. If we add a coagulation process right after those processes, its EDSD will increase and the operational efficiency of the CFMF will improve with a lesser potential for cake formation. This is why previous researchers have reported coagulation as an efficient cake-reduction process ͑Wiesner et al. 1989; Peuchot and Aim 1992; Kim et al. 2002b͒ .
EDSD is a useful indicator for quantitatively estimating the potential of cake formation at polydisperse conditions and can be applied to the development of efficient strategies for reducing the cake layer.
